The turbulent burning velocity of premixed flames is sensitive to the turbulence intensity of the unburned mixture. Premixed flame propagation models that incorporate these effects of turbulence rest on either of two hypotheses proposed by Damköhler. The first hypothesis applies to lowintensity turbulence which acts mainly to increase the turbulent burning velocity by increasing the flame surface area. The second hypothesis states that, at sufficiently high intensities of turbulence, the turbulent burning velocity is governed mainly by enhanced diffusivity. Most studies to date have 
were pioneered by Damköhler [1] . The primary conclusion of Damköhler's study was that "turbulence always increases the flame speed referred to the average flow cross section, and in a two-fold manner" [2] . The first of these two "manners" concerns a regime where the turbulence length scales are large compared to the laminar flame thickness δ L , i.e. wherein the flame velocity of individual surface elements refers to the local burning rate (or, equivalently, the flame speed). Damköhler argued further that the local velocity fluctuations u which give rise to the "roughening" must balance the enhanced local burning rate s T for the flame to be stable. This led to a linear relation s T ∼ u . Hence, Damköhler's first hypothesis (hereby, DH1) may be summarised as
where A T is the enlarged turbulent surface area and A L is the appropriate flow cross-section area. The enhanced area ratio A T /A L , therefore, acts to magnify the locally laminar flame speed s L to its equivalent s T in turbulence. Interpreted as above, DH1 forms the basis of nearly all turbulent flame modelling to date.
Following the work of Damköhler, Karlovitz et al. [3] highlighted the influence of flow field effects that might arise in this regime, but might act instead to inhibit s L . The resulting notion of flame stretch rateṡ, defined asṡ
the fractional increase in flame surface area A over time, has helped describe a range of phenomena including extinction in Bunsen flames [4] . In laminar flames, the effects of flame stretchṡ on the flame speed s L have been quantified comprehensively (as reviewed by Law [5] ). In turbulent flames, it was proposed that [6, 7] flame stretch effects may be absorbed simply into DH1 using a factor I 0 1 under low levels of stretch, such that
thereby modifying DH1 without invalidating its basic premise. Further, in order to address the difficulties in computing the exact area A T of convoluted flame surfaces, a statistical approach was adopted. As an example, the Flame Surface Density (FSD, denoted by Σ)
approach provides transport equations that can be written tractably for wrinkled flames [8, 9] . An equivalent description of DH1 has emerged [7] from this framework as follows
which is the same as Eq. 3 with A T replaced by the integral of FSD over the flame brush volume V . Together with the stretch factor I 0 , this description has helped account for inhibitive turbulent stretch effects on the local chemical structure. As a further consequence, the scope of DH1 has been extended to combustion regimes with small-scale turbulence wherein increasingly convoluted and stretched flames are observed.
A phenomenological description of turbulent stretch effects has emerged from the comparison of length scales involved in turbulent reacting flows. In this description, turbulent stretch is considered as the result of an interaction between the various length scales of turbulence and those of flame chemistry (such as δ L ). The local flame speed s L (referred to in DH1) is expected to be "the same as in laminar flow" only if the Kolmogorov scale η (and all scales larger than it) is larger than δ L . The size of these turbulent microscales is inversely related to the intensity u of a homogeneous isotropic turbulent flow field according to η ∝ (ν/u ) 1/2 for a given integral scale 0 [10] . Hence, DH1 is expected to be strictly valid for a turbulent flow with a specified 0 if u is low enough that η > δ L .
The Karlovitz number Ka ≡ δ 2 L /η 2 is a dimensionless marker that delineates the regimes of turbulence-flame interaction by quantifying the comparison of length scales. Ka may be estimated using the formulation for stretch experienced by a scalar surface due to turbulence at the Taylor microscale [11] Ka = Re
expressed in terms of chemical parameters: s L and δ L , and physical parameters: turbulence intensity u and integral length scale 0 (by the turbulent Reynolds number Re 0 = u 0 /ν).
In Fig. 1 is expected to be valid in this regime based on the phenomenological description.
B. Intense Turbulence and Damköhler's second hypothesis
Many experiments (reviewed in [12, 13] ) have reported a departure from the linear relation s T ∼ u (which is implied by DH1) in turbulent premixed flames with Ka > 1. This socalled "bending effect" of the s T (u ) curve has been isolated to occur when all parameters but u are maintained constant [12] [13] [14] (within the parameter space consisting of u , 0 , s L , and δ L ). It has been suggested that bending marks the onset of a departure from the locally flamelet structure -the foundational basis of DH1 -leading to quenching of the flamelet [15] .
A Direct Numerical Simulation (DNS) study of 2D single-eddy-flame interactions [16] has shown, however, that the area enhancement mechanism of DH1 may remain valid despite local flamelet quenching. Consequently, models have been developed [17] on the assumption that DH1 persists (up to Ka ≈ 16) so long as quenching "does not inhibit the growth of the active flame surface" [18] . Experimental studies have since correlated s T data within the extended DH1 framework (Eq. 3 and Eq. 4), reformulating the stretch factor I 0 as a "burning factor" P b ∼ I 2 0 instead [11] . In contrast, many computational investigations have corroborated the resilience of the flamelet structure (especially, the reaction zone) to intense turbulence [13, [19] [20] [21] [22] . As a result, a description of bending in the absence of flamelet quenching is sought [23] . Fig. 2 shows the s T (u ) curve computed in a recent DNS study [24] which presented the bending effect recorded for u > 10 as the result of an underlying competition between stretchrate components (strain and curvature terms). Hence, an explanation of the bending effect The bending effect in s T (u ) captured by recent DNS [24] . At high u , there are diminishing increments in s T with increasing u .
then be used to quantify the extent of chemical reaction using a progress variable defined as
α ) (the subscripts u and b denote unburned and burned components respectively) such that c = 0 in unburned reactants and c = 1 in burned products. For statistically-1D turbulent flames, the Favre mean progress variablec provides an equivalent framework [33] . In this framework, the convective-diffusive-reactive balance that governs turbulent premixed flame propagation may be written as
provided Re Da 1 so that the molecular transport term can be neglected. Favre mean quantities q = ρq/ρ represent density-weighted averages whereas q denotes the respective fluctuations, i.e. q =q+q . This framework forms the basis for several modelling approaches for turbulent combustion including the Bray Moss Libby (BML) formulation [34] . Here, the propagation of the mean flame surfacec (l.h.s. in Eq. 6) is linked with two aspects (terms on the r.h.s. in Eq. 6): 1) the scalar flux term −∇ ·ρ u c which describes turbulent mixing across thec iso-surface and 2) the reaction source-termω which describes the transformation ofc from 0 −→ 1. The first term operates favourably towards flame propagation when the turbulent scalar flux u c (in the x-direction, say) follows
a gradient transport expression analogous to the diffusive mixing of a passive scalar [35] .
This expression models the transport of the scalar flux u c down the mean scalar gradient ∂ c/∂x for a positive diffusion coefficient D T > 0. As a result, the ratio D T /D L denotes the enhancement of diffusive transport processes (referred to in DH2) predominantly due to turbulence small-scales.
Reasoning along these lines, Damköhler described the enhancement of s T in "fine-body" turbulence using the formulation
borrowing the square root by analogy to the dependence Numerical [36, 37] and experimental studies [38] have illustrated, however, that this is not necessarily the case. In other words, the turbulent scalar flux u c (l.h.s. in Eq. 7)
does not always have the opposite sign (direction) to the scalar gradient ∂ c/∂x (r.h.s. in Eq. 7). In such a case, Eq. 7 provides D T < 0 posing a threat to the validity of the DH2 expression (Eq. 8). Under such conditions, turbulent scalar transport is said to occur in a counter-gradient (CG) fashion [36] .
CG transport has been attributed [39] to the shift in balance between flame-induced gas expansion (represented by τ ) and flow-imposed turbulent fluctuations (represented by u ).
An appropriate model that captures the accompanying change in sign of u c is written [39] as follows
wherein the ratio N B = τ s L /2αu (called the Bray number) dictates the CG/G transition in scalar flux transport (sincec(1 −c) > 0 ∀c ∈ [0, 1]). DNS analysis of mean scalar flux transport has highlighted the role of fluctuating and mean pressure gradients [37, 39] in the CG/G transition. The influence of flame-generated vorticity has also been investigated [40] .
Wenzel and Peters [19] have verified the role of gas expansion in their simulations of the flame surface using the G-equation with added heat release. These simulations recorded a bending effect in s T (u ) accompanying the CG/G transition as is the case in the recent dataset produced by the present authors [24] . Despite these insights, the implication of scalar transport mechanisms on the formulations for s T enhancement remains to be addressed. In particular, a connection of the CG/G transition with the DH2 expression for s T has not been considered to date.
Damköhler proposed each of the two hypotheses to elucidate the primary mechanism of s T enhancement in their respective regimes of turbulence. While this primary mechanism operates, the secondary mechanism was expected to "recede in the background" contributing alongside albeit to a lesser degree. Over the years, the range and upper u limit of validity for DH1 has received significant attention. However, the lower u limit of validity for DH2
remains unknown. Recent investigations in intense [21, 29] and extreme [41] u turbulence have highlighted the significance of diffusive transport processes in determining s T under such conditions. Appropriate modifications of DH2 are being proposed so as to fit the s T data acquired. Motivated by these investigations, the present work focuses on outlining the regimes where DH2 is applicable. A CG/G transition recorded using DNS is analysed and its implication on the minimal condition of validity for DH2 is discussed.
II. PROBLEM SETUP
A statistically-planar turbulent configuration is simulated within a 3D cuboidal inflowoutflow domain. A turbulent flow-field of required intensity is initialized within the domain and is also convected at a mean speed u i = s L through the inlet. 
A. Turbulence Initialisation and Inflow
Initial turbulence is computed using a procedure outlined by Rogallo [42] as follows. A homogeneous isotropic turbulent velocity field of desired turbulence intensity u is generated using the Batchelor-Townsend (BT) spectrum [43] . The BT spectrum is specified in Fourier space using two parameters: 1) u , which corresponds to the turbulent kinetic energy and 2) k 0 , the wavenumber of peak turbulent kinetic energy. The corresponding Cartesian field is then computed by Fourier transform and initialised in a cubic periodic domain. This
Cartesian periodic velocity field is allowed to evolve briefly and is stored for turbulence initialisation and inflow in the flame simulations.
Each individual flame simulation case (with specified u ) is simulated in a domain 3 times the length of the cubic domain. The velocity field in this domain is initialised by placing adjacently 3 copies of the turbulent flow field generated a priori (according to the description above). Yet another copy is convected through the inlet as inflow so as to maintain u within the domain. A statistically-stationary spatial profile with a power-law decay of turbulence is established upstream of the flame within a few eddy turn-over times. Hence, the turbulence imposed upon the flame corresponds to a range of intensities from as high as the inlet/initial turbulence intensity u i (calculated at the inlet or at t = t 0 ) down to as low as the flame leading-edge turbulence intensity u le (calculated at the c = 0.001 section of the domain).
These quantities are reported in Tab. I.
The regime diagram is shown in Fig. 4 where the Karlovitz number has been calculated In order to capture large-scale wrinkling, the integral length scale is chosen to be larger than the laminar flame thickness: 0 ∼ 3δ L . The Batchelor-Townsend spectrum [43] used to initialise turbulence as above provides an expression for the Kolmogorov scale η as
where ν is the kinematic viscosity and u and k 0 are pre-specfied parameters as described above. Since the integral scale 0 is fixed across all simulations, the Kolmogorov scale η becomes very small in high u turbulence. Hence, complete resolution of high u turbulence up to the Nyquist frequency imposes a severe computational challenge. Hence, the fixed mesh spacing is chosen as ∆x ∼ O(η) in order to resolve the smallest scales for all cases.
Nevertheless, the adequacy of resolution is assessed using the criterion proposed by Poinsot et al. [44] written as Re 0 Da < 2(1 + τ ) 0.7 (N y /m × n e ) 2 [45, 46] . Given that up to n e ≈ 5 integral length scales are accommodated in the domain width consisting of N y points, and the flame is resolved by up to m ≈ 8 points (discussed below), the criterion is found to be satisfied for the entire dataset. This level of resolution is considered adequate here, especially for addressing the central goal which is to connect conceptually the validity of Damköhler's second hypothesis with a possible onset of counter-gradient transport. Subsequent refinement of the mesh size to satisfy ∆x < η/2 in the highest-intensity cases is expected to substantiate this investigation further and is, therefore, being pursued as part of ongoing work. Physical parameters, length scales, and dimensionless groups relevant to the dataset have been listed in Tab. I. 
The laminar flame speed s L is obtained by integrating the reaction rateω R across the domain. This calculation may be generalised as a volume-integration to obtain the flame speed s T of a 3D turbulent premixed flame. Hence,
where Y u R is the upstream/unburned reactant mass fraction and ρ u R is the corresponding density, whileω R ( x) is the reaction rate of reactants at any point x in the domain.
The laminar flame thickness δ L is obtained using the maximum-temperature-gradient
where T u and T b are the unburned and burned gas temperatures respectively. Approximately 
B. Thermochemical Initialisation and Chemistry
The initial thermo-chemical field for the flame simulation (density ρ, temperature T , and species mass-fractions Y α ) is specified using an unstrained 1D laminar flame solution profile calculated a priori with the desired stoichiometry φ = 1.0 and inlet conditions. The premixed methane-air laminar flame chemistry is described using a single-step Arrhenius expression as followsω
where the constants B, E a , and R are listed in Tab. II. In order to calculate the diffusive mass flux for each species α, a Fickian law is used as follows
where V α,k is the diffusion velocity of species α in the k direction. The molecular transport coefficients are calculated based on the relationship [47] 
for the mixture thermal conductivity λ, where C p is the mixture value of the specific heat capacity at constant pressure and A λ , r, and T 0 are constants (listed in Tab when simulated using detailed kinetics [28, 48] . Additionally, differential diffusion effects may still be important at such high Karlovitz numbers [30, 48] . However, the focus here is on studying the effects of turbulence small-scales on the transport processes. The CG/G transition captured in the present work (as discussed below), therefore, is expected to shed light on the possible limitations of DH2 and is not restricted significantly by the thermochemical framework adopted.
III. NUMERICAL METHOD
The Navier-Stokes equations are solved in a 3D compressible form along with thermochemical transport using the SENGA2 DNS code [49] . A 10 th -order centred finite difference operator evaluates spatial derivatives and reduces to 4 th order at inlet and outlet faces (details of the difference scheme is discussed in the User Manual [49] ). In the stream-wise direction, inflow-outflow boundaries are specified using the Navier-Stokes characteristic boundary conditions [50] . At the inlet, a reflecting constant density condition with specified velocity components is imposed, whereas at the outlet, a non-reflecting outflow condition is imposed.
The transverse direction faces are specified with periodic boundary conditions. A 4 th -order explicit Runge-Kutta method is used for time-marching along with adaptive time-stepping implemented using an error controller [51] . The DARWIN (Intel Sandy Bridge E5-2670) and ARCHER (Cray XC30) supercomputers were used to compute the solutions. Each simulation used approximately ∼ 2.5 × 10 4 core-hours.
IV. BACKGROUND TO THE ANALYSIS
In the simulations conducted as described above, the principal quantity of interest, the turbulent flame speed s T , evolved to a value specific to each case after a brief initial period of development 0 < t < 2τ 0 . Subsequent to this period, s T fluctuated about this value for the remaining duration of up to t ∼ 4τ 0 . The existence of a reasonably well-defined mean value was considered as an indication of statistically-stationary (as discussed in [24] ). The data analysed below has been collected at t = 4τ 0 corresponding to each of the cases. Averaging, where implied, is conducted over spanwise directions as before [24] .
A. Molecular diffusivity
The molecular diffusivity D L of a species in laminar flow is calculated as
given its Lewis number (here, Le = 1.0). As quoted in Sec. I B, DH2 refers to the turbulent amplification of molecular diffusion "between the preheat zone and the reaction zone". In order to produce the diffusion coefficients for evaluating DH2, values must then be chosen within this (0.6 ≤ c ≤ 0.9) region. In the present work, D L is calculated as hypothesis [52] . More recently [13, 29] , D T has been calculated using parameters of the k − model of turbulence. Since the present study is focused on investigating the ramifications of using the gradient hypothesis, D T is calculated based on Eq. 7 as
B. Damköhler's First Hypothesis
The dataset [24] obtained by the method described above recorded a bending effect in the s T (u ) curve (as shown previously in Fig. 2) . The area ratio A T /A L corresponding to instantaneous reaction surface (c = 0.8) was calculated for each case. , z) of the domain.
Upon increasing u , the magnitudes of u c and ∂c/∂x do not change significantly (as seen in the axes of panels in Fig. 6 ). Instead, the sign of u c and the correspondence between u c and ∂c/∂x is affected considerably. In case IV (Fig. 6c ), u c < 0 through most of the flame brush (barring a small region betweenc ≈ 0.2 andc ≈ 0.6) whereas in case V (Fig. 6d ), u c < 0 across the entire flame brush. The high degree of scatter that accompanies this transition marks a departure from a smooth wrinkled flame to a highly convoluted flame. big: high reaction rate). This helps emphasise the changes local to the preheat zone and the reaction zone, i.e. within 0.6 < c < 0.9 which is the region referred to in DH2 (as discussed in Sec. I B).
In case I (Fig. 8a, low A small number of points (in the preheat and reaction zones) display a negative correlation, but their contribution to the mean scalar flux u c is insignificant as the corresponding correlations do not carry over to the averaged values (shown in Fig. 6a) . A more complicated correlation is evident in case V (Fig. 8b, high u ) which exhibits G transport. Regions with positive correlations continue to be present, indicating the constant contribution of gas expansion in both cases. On the other hand, a large portion of the preheat and reaction zone shifts to a negative correlation, representing the overturning of this contribution by the turbulent flow field. In fact, the negative correlations are more significant in the mean (as seen in Fig. 6d ). From the preceding discussion, it is clear that this qualitative change in the different behaviour of the scalar flux u c occurs at a certain threshold u between 10s L and 20s L within the dataset.
As mentioned in Sec I B, Veynante et al. [39] provided a simple criterion to delineate DH2 states that the role of "fine-body turbulence of size δ L " is to enhance s T "by amplifying the microscopic (diffusive) transport processes" within the flame brush. As discussed above, u c < 0 only in a small portion of the dataset corresponding to the cases IV and V (as shown in Fig. 9 ). Numerical evaluation of Eq. 8 for these cases is shown in Consequently, it appears that the general claim that "turbulence always acts to enhance the flame speed" might only apply in certain special limiting conditions. In fact, for N B > 1, is inconclusive and further investigation is necessary to understand fully the significance of DH1 and DH2 in the thin reaction zones regime. An investigation of higher u will help understand when it is that the diffusive processes begin to govern decisively the enhancement in s T . The present analysis elucidates, instead, the minimal criteria for the applicability of
Damköhler's second hypothesis.
Brief Summary: CG/G Transition, DH1 and DH2
In low u turbulence, DH1 applies and turbulent motion both roughens and stabilizes the surface. These simultaneous effects result in a positive correlation between u and c , i.e.
CG transport prevails. Referring to Eq. 7, this implies that the l.h.s. u c > 0 whereas the r.h.s. ∂c/∂x > 0. Hence, since D T < 0, it is clear that DH2 cannot operate.
In high u turbulence, DH1 continues to apply as the large-scales serve to deform the surface. In this regime, however, G transport ( u c < 0) prevails. Hence, DH2 is applicable and operates alongside DH1. The transition between CG/G transport, therefore, delineates the regimes of applicability of DH2.
VI. CONCLUSION
Damköhler's first and second hypotheses (DH1 and DH2) are revisited in light of the bending effect of s T (u ) recorded in a DNS dataset [24] . While DH1 remains valid before and after the bend [24] , DH2 has limited validity within the dataset. The limitation emerges from a transition (from CG to G transport [39, 56] 
